Introduction
Terpenoids are not only raw materials for flavor and fragrance but also biologically active substances. The vast majority of biologically active terpenoids are plant secondary metabolites, and these terpenoids exhibit biological activity against plants, microorganisms, and insects. Various attempts have been made to search for new biologically active terpenoids. However, it is difficult to produce these active compounds by organic synthesis. Biotransformation is a synthetic process that uses enzymes in living organisms as biocatalysts. Biotransformation allows regio-and stereoselective reactions under mild conditions and produces optically active compounds easily. These advantages suggest that biotransformation is a viable way to produce biologically active terpenoids.
Biotransformation of monoterpenoids is gaining more interest, because these reactions are performed by bacteria, fungi, yeasts, and even algae. In the present study, we investigated the biotransformation of terpenoids by the larvae of the common cutworm, Spodoptera litura. There are multiple reasons for using the S. litura larvae as biological catalysts: lepidoptera larvae feed on plants contained terpenoids and therefore, possess a high level of enzymatic activity against terpenoids; each larva consumes a large volume of plants, making it possible to obtain a large amount of metabolites; and the larvae are easy to rear on a laboratory scale.
Previously, we reported on the biotransformation of monoterpenoids by the S. litura larvae 1 5 . The results indicated that compounds with a p-menthane skeleton, -and -limonene 1 , were oxidized at the 8,9-double bond and the C-7 position an allylic methyl group .
-and -menthol 2 , γ-terpinene 3 , -α-phellandrene 4 , and other fragrance products 6 . Menthone enantiomers are present in important and abundant natural resources. Furthermore, there have already been several reports on the biotransformation of -1R,4S -menthone 1 and -1S,4R -menthone 2 . In previous studies, compounds 1 and 2 were transformed by reduction at the ketone and C-4 hydroxylation by Nicotiana tabacum 7 , and compound 1 was transformed by reduction at the ketone by marine microalgae 8 or reduction at the ketone and C-7 hydroxylation by human liver microsomes 9 . However, to our knowledge, there is no study investigating the biotransformation of these compounds by insects. In the present study, we demonstrated the biotransformation of compounds 1 and 2 by the larvae of S. litura.
Experimental

Rearing of larvae
The S. litura larvae were reared in plastic cases 200 300 mm wide, 100 mm high, 100 larvae/case covered with a nylon mesh screen. The rearing conditions were as follows: 25 , 70 relative humidity, and constant light. A commercial diet Insecta LF; Nihon Nosan Kogyo Co., Ltd., Japan was administered to the larvae, starting at the first instar stage. From the fourth instar stage, the diet was changed to an artificial diet composed of kidney beans 100 g , agar 12 g , and water 600 mL .
Chemical compounds
-1R,4S -Menthone and -1S,4R -menthone 1 and 2 were purchased from Fluka Co., Ltd. Tokyo, Japan .
Gas chromatography GC
A Hewlett-Packard 5890A gas chromatograph equipped with a flame ionization detector and a DB-5 capillary column 30 m in length, 0.25 mm in diameter i.d. was used. Additionally, a split injection of 25:1 was used. Helium at a flow rate of 30 cm/s was used as a carrier gas. The oven temperature was programmed to increase from 130 to 240 at 4 /min. The injector and detector temperatures were 270 and 280 , respectively. The peak area was integrated with a Hewlett-Packard HP3396 series II integrator.
Gas chromatography-mass spectrometry GC-MS
A Hewlett-Packard 5890A gas chromatograph equipped with a split injector and an HP-5MS capillary column 30 m in length, 0.25 mm i.d. was combined by direct coupling to a Hewlett-Packard 5972A mass spectrometer. The chromatographic conditions were the same as those described above. Helium at 30 cm/s was used as a carrier gas. The temperature of the ion source was 280 , and the electron energy was 70 eV. The electron impact EI mode was used. energy was 70 eV. The electron impact EI mode was used.
Infrared IR spectroscopy
The IR spectra were obtained with a JASCO FT/IR-470 plus Fourier transform infrared spectrometer. CHCl 3 was used as a solvent.
Nuclear magnetic resonance NMR Spectroscopy
The NMR spectra were obtained with a JEOL ECA-500 500 MHz, 1 H; 125 MHz, 13 C spectrometer. Tetramethylsilane TMS was used as the internal standard δ0.00 .
Speci c rotation
The specific rotations were measured on a JASCO DIP-1000 digital polarimeter.
Substrate administration
The artificial diet without agar was mixed using a blender. Compound 1 800 mg was then added directly into the blender at 1 mg/g of diet. Agar was dissolved in water, boiled, and then added into the blender. The diet was then mixed and cooled in a stainless-steel tray 220 310 mm wide, 30 mm high . The diet containing compound 1 was stored in a refrigerator until the time of administration. The fourth to fifth instar larvae average weight 0.5 g were moved into new cases 100 larvae/case , and the diet was fed to the larvae in limited amounts. Groups of 800 larvae were fed the diet containing compound 1 0.6-0.7 g, or approximately 0.7 mg per larva for 2 days, and then the artificial diet not containing compound 1 was fed to the larvae for an additional 2 days. Frass was collected every 5 hours for a total of 4 days and stored in a solution of diethyl ether 300 mL . Compound 2 was administered to 800 larvae in the same manner. To ensure separation of diet and frass, fresh frass was extracted as soon as the fourth to fifth instar larvae excreted.
2.9 Isolation and structure determination of metabolites from frass The frass was extracted with diethyl ether 300 mL 2 , followed by extraction with ethyl acetate 300 mL 2 . The extract solution was evaporated under reduced pressure, and 1.628 g of extract was obtained. The extract was dissolved in ethyl acetate and was then added to 5 NaHCO 3 solution. After shaking, the neutral fraction 594 mg was obtained from the ethyl acetate layer. The aqueous layer the acidic fraction was separated, acidified with 1N HCl, and extracted with ethyl acetate. After shaking, the acidic fraction 1.034 g was obtained from the aqueous layer. The neutral fraction was analyzed by GC-MS; metabolites 1-1 and 1-2 were present in this fraction. The acidic fraction was treated with ethereal CH 2 N 2 overnight and subsequently analyzed by GC-MS. The results indicated the presence of metabolite 1-3 in this fraction. The neutral and acidic fractions were subjected to a silica gel open-hexane/ ethyl acetate solvent system, and metabolites 1-1 63 mg , 1-2 68 mg , and 1-3Me 91 mg were isolated. Similarly, compound 2 was transformed to 2-1 70 mg , 2-2 53 mg , and 2-3Me 116 mg . Metabolites 1-3Me and 2-3Me 20 mg each were dissolved in MeOH 0.2 mL , respectively, 5 NaOH 1 mL was added to the solutions, and the solutions were refluxed for 30 min. The solutions were acidified to pH 3 with 10 HCl and distributed between EtOAc and water. The EtOAc phases were evaporated to give 1-3 10 mg and 2-3 11 mg . Metabolites were identified by comparing their data to previously established mass spectroscopy MS , infrared IR spectrum, and nuclear magnetic resonance NMR data. 3 , 184.1100; the spectral data of the enantiomer 2-3 were identical to those of 1-3.
Results and Discussion
Biotransformation of compounds 1 and 2 by the S.
litura larvae Biotransformation by the S. litura larvae was observed as follows: substrate was administered to the larvae through their diet; metabolites were then detected and isolated from the frass of larvae. The larvae fed an artificial diet without substrate were used as the control, and the frass extract was analyzed by gas chromatography GC . The compounds investigated and unidentified metabolites were not observed in the frass of controls.
Upon biotransformation of -1R,4S -menthone 1 , the three metabolites isolated from the frass were -1R,4S -7-hydroxymenthone 1-1 , -1R,3S,4S -7-hydroxyneomenthol 1-2 , and -1R,4S,8R -p-menth-3-one-9-oic acid 1-3 . After biotransformation of -1S,4R -menthone 2 , the three metabolites isolated from the frass were -1S,4R -7-hydroxymenthone 2-1 , -1S,3R,4R -7-hydroxyneomenthol 2-2 , and -1S,4R,8S -p-menth-3-one-9-oic acid 2-3 Fig. 1 . Compounds 2-1 and 2-3 were novel compounds. The structures of the metabolites were confirmed by assignment of the NMR spectra using the following two-dimensional techniques: correlation spectroscopy COSY , heteronuclear multiple quantum coherence HMQC , and heteronuclear multiple bond correlation HMBC .
The metabolite 1-1 had a molecular formula of C 10 H 18 O 2 , as estimated by its high-resolution electron impact mass spectrometry HR-EI-MS spectrum. The IR spectrum contained a hydroxyl band at 3367 cm 1 . The 1 H and 13 C NMR spectra of 1-1 were assigned through a comparison with substrate 1. The 1 H NMR spectrum contained two doublet methyl groups located at 0.86 and 0.92 ppm J 6.6 Hz and a new doublet methylene proton located at 3.50 ppm J 5.5 Hz . H-8 2.12 ppm had a coupling constant J 6.6 Hz with two methyl groups 0.86 and 0.92 ppm . The H-H COSY spectrum indicated that the structure was established with some correlation cross-peaks, which were observed between H-1 1.95-1.99 ppm and the new doublet methylene proton 3.50 ppm . In the characteristic HMBC spectrum, some correlation cross-peaks were observed: two methyl groups 0.86 and 0.92 ppm with methylene carbon 56.3 ppm; C-4 and 25.0 ppm; C-8 and a new methylene proton 3.50 ppm with a methylene carbon 42.6 ppm; C-1 . Moreover, the NMR spectrum of 1-1 was consistent with that reported in the literature 9 . Therefore, metabolite 1-1 was produced by hydroxylation at the C-7 position of compound 1. The specific rotation showed the -form. From these data, we concluded that the structure of 1-1 was -1R,4S -7-hydroxymenthone. To identify -1S,4R -7-hydroxymenthone 2-1 , we compared its spectral data with the data for its enantiomer, 1-1.
The metabolite 1-2 had a molecular weight of 172 M , which was estimated by its HR-EI-MS spectrum. The IR spectrum contained a hydroxyl band at 3358 cm 1 and was missing a carbonyl band, which was detected in the IR spectrum of the substrate. The 1 H NMR spectrum had two doublet methyl groups located at 0.93 and 0.97 ppm J 6.6 Hz and a new doublet methylene proton located at 3.45 ppm J 6.0 Hz . H-8 1.54 ppm had a coupling constant J 6.6 Hz with two methyl groups 0.93 and 0.97 ppm . The COSY spectrum indicated that the structure was established with some correlation cross-peaks, which were observed between H-1 1.86-1.89 ppm and a new doublet methylene proton 3.45 ppm . In the characteristic HMBC spectrum, some correlation cross-peaks were observed: two methyl groups 0.93 and 0.97 ppm with methylene carbon 48.3 ppm; C-4 and 29.2 ppm; C-8 and a new methylene proton 3.45 ppm with a methylene carbon 33.8 ppm; C-1 . Finally, the 1 H NMR spectrum showed a new methylene proton located at 4.17 ppm dddd, J 1.5, 2.4, Fig. 1 Biotransformation of -1R,4S -menthone and -1S,4R -menthone by S. litura larvae.
2.5, 4.0 Hz , which had a coupling constant J 2.5 Hz with H-4 0.95 ppm , meaning that the configuration of the methine proton at C-3 was equatorial. Therefore, metabolite 1-2 was produced by hydroxylation at the C-7 position of compound 1 and reduction at the ketone. The specific rotation showed the -form, which was consistent with that reported in the literature 10 . From these data, it was concluded that the structure of 1-2 was -1R,3S,4S -7-hydroxyneomenthol. To identify -1S,3R,4R -7-hydroxyneomenthol 2-2 , we compared its spectral data with the data for its enantiomer, 1-2.
Finally, the metabolite 1-3 had a molecular formula of C 10 H 16 O 3 , which was estimated by its HR-EI-MS spectrum. The IR spectrum contained a new hydroxyl band at 3550-3400 cm 1 and a new carbonyl band at 1687 cm 1 . The 1 H NMR spectrum showed two doublet methyl groups located at 0.97 J 6.6 Hz and 1.03 ppm J 7.2 Hz . H-8 1.54 ppm had a coupling constant J 6.6 Hz with two methyl groups 0.97 ppm . The H-H COSY spectrum indicated that the structure was established with some correlation crosspeaks that were observed between H-1 1.82-1.86 ppm and a doublet methylene proton 1.03 ppm . In the characteristic HMBC spectrum, some correlation cross-peaks were observed for carbonyl carbon 182.2 ppm; C-9 with methylene protons 1.54 ppm; H-8 and 2.67 ppm; H-4 . The NMR spectrum of 1-3 was consistent with that reported in the literature 11 . Therefore, metabolite 1-3 was produced by hydroxylation at the C-9 position of compound 1. The specific rotation showed the -form. From these data, we concluded that the structure of 1-3 was -1R,4S,8R -p-menth-3-one-9-oic acid. In order to identify -1S,4R,8S -p-menth-3-one-9-oic acid 2-3 , we compared its spectral data with the data for its enantiomer, 1-3.
Examination of the differences between individual
larvae The diet, prepared in the same manner, was fed to 15 fourth to fifth instar larvae. The frass was collected and extracted with diethyl ether and then ethyl acetate. Metabolites were determined from the retention time and calculated from the peak area in the GC chromatogram of the frass extract. This experiment was performed on five groups. However, we observed few difference between each group. These results suggested that the biotransformation of compounds 1 and 2 was consistent between individual S. litura larvae.
Metabolites from frass
In the present study of the biotransformation of compounds 1 and 2, the larvae transformed 1 to 1-1 20.7 , 1-2 22. 3 , and 1-3 48.6 . Additionally, the larvae transformed 2 to 2-1 25.0 , 2-2 20.1 , and 2-3 46. 1 . The percentages were calculated from the peak area in the GC spectra of the frass extract. Substrates and other compounds were not detected in the frass by GC analysis.
In the biotransformation of compound 1, three metabolites were isolated from the frass, designated as 1-1, 1-2, and 1-3. Similarly, in the biotransformation of compound 2, three metabolites were isolated from the frass: 2-1, 2-2, and 2-3. Metabolites 1-1 and 2-1 were produced by oxidation at the C-7 position of the substrate, metabolites 1-2 and 2-2 were produced by oxidation at the C-7 position and reduction at the ketone of the substrate, and metabolites 1-3 and 2-3 were produced by oxidation at the C-9 position of the substrate. Previously, we reported that monoterpenoids with p-menthane skeletons subjected to biotransformation were preferentially oxidized at the C-7 position. Here, as they are monoterpenoid ketones with pmenthane skeletons, compounds 1 and 2 were oxidized at the C-7 position in the S. litura larvae. However, hydroxylation of the C-9 position was the major metabolic pathway, and reduction at the ketone was a novel metabolic pathway observed in S. litura.
Compounds 1 and 2 are the most important and widespread terpenes known; metabolism of 1 and 2 occurs in plant suspension culture cells, marine microalgae, and human liver microsomes. It is not surprising that different species of organisms produce different metabolites. The suspension culture cells of N. tabacum showed reduction at the ketone group and C-4 hydroxylation 6 , marine microalgae showed reduction of the ketone group 7 , whereas human liver microsomes showed reduction of the ketone group and C-7 hydroxylation 8 . This suggests that the S.
litura larvae employ a metabolic pathway similar to that of human liver microsomes. Notably, hydroxylation at the C-9 position of compounds 1 and 2 by the S. litura larvae was unique in comparison with other organisms. To our knowledge, the present study is the first report of the C-9 position of compounds 1 and 2 being hydroxylated with a high degree of efficiency.
